Rationale: PD1/PD-L1 immune checkpoint inhibitors have shown promising results for several malignancies. However, PD1/PD-L1 signaling and its therapeutic significance remains largely unknown in intrahepatic cholangiocarcinoma (ICC) cases with complex etiology. Methods: We investigated the expression and clinical significance of CD3 and PD1/PD-L1 in 320 ICC patients with different risk factors. In addition, we retrospectively analyzed 7 advanced ICC patients who were treated with PD1 inhibitor. Results: The cohort comprised 233 patients with HBV infection, 18 patients with hepatolithiasis, and 76 patients with undetermined risk factors. PD-L1 was mainly expressed in tumor cells, while CD3 and PD1 were expressed in infiltrating lymphocytes of tumor tissues. PD1/PD-L1 signals were activated in tumor tissues, and expression was positively correlated with HBV infection and lymph node invasion. More PD1 + T cells and higher PD-L1 expression were observed in tumor tissues of ICC patients with HBV infection compared to patients with hepatolithiasis or undetermined risk factors. More PD1 + T cells and/or high PD-L1 expression negatively impacted the prognosis of patients with HBV infection but not those with hepatolithiasis. Multivariate analysis showed PD1/PD-L1 expression was an independent indicator of ICC patient prognosis. Advanced ICC patients with HBV infection and less PD1 + T cells tended to have good response to anti-PD1 therapy. Conclusion: Hyperactivated PD1/PD-L1 signals in tumor tissues are a negative prognostic marker for ICCs after resection. HBV infection-and hepatolithiasis-related ICCs have distinct PD1/PD-L1 profiles. Further, PD1 + T cells could be used as a biomarker to predict prognosis and assay the efficiency of anti-PD1 immunotherapy in ICC patients with HBV infection.
Introduction
Intrahepatic cholangiocarcinoma (ICC) is the second most common primary liver cancer after hepatocellular carcinoma (HCC) [1, 2] . ICC incidence is increasing worldwide because of highly prevalent risk factors, such as hepatitis B virus (HBV), hepatitis C virus, hepatolithiasis, and hepatobiliary flukes [3, 4] . Few treatments can significantly improve the clinical prognosis of patients with advanced and unresectable ICC [5] . Due to early local invasion, distant metastasis, and lack of effective treatment, ICC prognosis remains dismal [5] [6] [7] . Usually, curative resection is an option for only a minority of ICC patients. However, even radical resection can seldom help patients acquire a median survival of >30 months. Therefore, new and efficient treatments for ICC patients are needed [6] .
Recently, immune checkpoint molecule programmed cell death protein 1 (PD1)/programmed cell death protein ligand 1 (PD-L1)-based inhibitors have shown promising results in several malignant tumors [8] [9] [10] [11] [12] . As an important immune checkpoint, PD1 is expressed on multiple immune cells and plays a negative regulatory role in antigen response [13, 14] . PD-L1 (also called B7-H1), a binding and functional partner of PD1, suppresses T cell responses after interacting with PD1, especially in the tumor microenvironment [15, 16] . Aberrant PD-L1 expression is detected in many malignancies, such as non-small cell lung cancer, renal cell carcinoma, Hodgkins lymphoma, and HCC [14, 17, 18] . Moreover, hyper-activated PD1/PD-L1 expression is considered a marker to predict prognosis and assay the tumor response of anti-PD1 immunotherapy in several malignancies [19, 20] .
A recent study reported that PD-L1 is overexpressed in occupational cholangiocarcinoma, a type of cholangiocarcinoma arising from occupational exposure to organic solvents, indicating that PD1/PD-L1 axis-dependent immune escape may be an important mechanism for formation of occupational cholangiocarcinoma [21] . A small sample study of 31 ICCs reported that PD1/PD-L1 expression is upregulated in tumor tissues and is correlated with tumor differentiation and pTNM stage [22] . Another study of 58 ICCs showed the PD-L1 is mainly expressed in inflammatory cells [23] . Further, a study of 54 ICC patients showed that high PD-L1 expression in tumors is associated with lower overall survival [24] . However, because ICCs are characterized by tumor heterogeneity and complex etiology [25, 26] , these small sample studies provide an incomplete analysis of the role of PD1/PD-L1 in ICC. Therefore, we analyzed expression profiles of the PD1/PD-L1 axis in tumor tissues from a large cohort of ICC patients.
Methods

Study population
We enrolled 320 consecutive ICC patients who underwent curative resection from 2005-2011 at the Liver Cancer Institute, Zhongshan Hospital, Fudan University. All enrolled patients met the following inclusion and exclusion criteria: (1) patients were pathologically diagnosed with ICC; and (2) patients were not administered any anti-cancer treatments before surgery. Histopathological diagnosis of ICC was based on World Health Organization criteria [27] . Follow-up data were collected until October 31, 2016.
Data from another 7 advanced and unresectable ICC patients who were administered anti-PD1 immunotherapy (Nivolumab, 3 mg/kg, once every two weeks) >4 times from 2017-2018 were collected and recorded, and tumor response was assayed according to RECIST1.1 [28] . Written informed consent was obtained from each patient. This study was approved by the Zhongshan Hospital Research Ethics Committee (Y2017-130).
Tissue microarray and immunohistochemistry
A tissue microarray (TMA) was constructed by Shanghai Biochip Co. Ltd. (Shanghai, China), as described previously [29] . Immunohistochemistry (IHC) was performed with Leica BOND-MAX system (Wetzlar, Germany), as described previously [30] . Primary antibodies used were: monoclonal rabbit anti-human PD-L1 (dilution 1:100; #SP142, GeneTech Co. Ltd., Shanghai, China), monoclonal rabbit anti-human CD3 (dilution 1:500; #NCL-L-CD3-565, Leica, Cambridge, UK), and monoclonal rabbit anti-human PD1 antibody (dilution 1:500; #ab137132, Abcam, Cambridge, UK). Images were captured with Leica Q Win Plus v3 software (Leica Microsystems Imaging Solutions, Cambridge, UK). ICC diagnosis was validated by H&E staining.
Quantification of CD3, PD1, and PD-L1 expression
Infiltrating T cells positively stained for CD3 and PD1 in each 1-mm-diameter TMA core were counted manually by two independent pathologists under high-power magnification (200×). For the 7 ICC patients treated with PD1 inhibitor, positive staining for CD3 and PD1 T cells were counted in 5 high-power fields (200×), and average number of positive-stained T cells was converted into an equivalent cell number for a TMA core (0.95×n/0.785) and recorded as final number of positive-stained T cells. To assay PD-L1 positive staining, we used a scoring method to calculate the rank of PD-L1 expression, as described previously with minor revisions [31] . Tumor cell proportion score was on a 6-point scale to indicate the percentage of stained tumor cells: a score of 1 indicated <1% of the tissue section; a score of 2 indicated 1%-4% of the tissue section; a score of 3 indicated 5%-9% of the tissue section; a score of 4 indicated 10%-24% of the tissue section; a score of 5 indicated 25%-49% of the tissue section; and a score of 6 indicated ≥50% of the tissue section (Supplementary Figure 1) . The median was selected as the cutoff value for high or low PD1 expression. By calculating Youden Index of PD-L1 staining, >5% positive area of PD-L1 expression in tumor cells was defined as positive, as described previously [24] .
Statistical analysis
Statistical analysis was performed using SPSS 20.0 (Chicago, IL). Values were recorded as mean ± standard deviation. T-test, Paired t-test, Wilcoxon signed-rank test, χ 2 -test, Fisher's exact test, and Wilcoxon rank-sum test were adopted to analyze correlation between target markers and clinicopathologic variables. Survival curves were estimated by the Kaplan-Meier method, and significance was verified by log-rank test. Cox proportional hazards models were developed to determine the association of clinical characters with survival. Relative risks were expressed as hazard ratios (HRs) with 95% confidence intervals (CIs). p < 0.05 (two-tailed) was considered statistically significant.
Results
Patient clinicopathologic profiles
A total of 320 patients were enrolled in the study, including 191 (59.7%) males and 129 (40.3%) females. The median age was 58 years. In the cohort, 233 (72.8%) patients had HBV infection, 85 (26.6%) patients had cirrhosis, and 18 (5.6%) patients had hepatolithiasis. No patients had abnormal body mass index (BMI) or history of hepatitis C virus infection. Among 160 patients with recorded HBV DNA copy number, 16.9% (27/160) were positive for HBV DNA (above minimum detection level). In total, 155 (48.4%) patients had elevated serum CA19-9 (≥37 ng/mL); 40 (12.5%) patients had elevated preoperative α-fetoprotein (≥20 ng/mL), and 23 (7.2%) patients had elevated preoperative alanine transaminase (ALT) (≥75 U/L). Further, 309 (96.6%) patients were classified as Child-Pugh grade A, and 3.4% of patients were Child-Pugh grade B.
Regarding tumors, 76.6% (245/320) of patients had a solitary tumor, 55.0% (176/320) of patients had large tumors (>5 cm), and 88.4% (283/320) of tumors were non-encapsulated. In total, 77.5% (248/320) of patient tumors were TNM stage I or II, while 22.5% of patient tumors were TNM III. Further, 60.9% of tumors had stage I or II differentiation, and 39.1% of tumors had stage III or IV differentiation. In addition, 16.9% (54/320) of patients had lymph node invasion, and 15.0% (48/320) of patients had microvascular invasion. Clinicopathologic profiles are summarized in Supplementary Table 1 .
Highly expressed immune checkpoint PD1/PD-L1 in ICCs
PD-L1 expression was mostly located in the cellular membrane and cytoplasm of tumor cells ( Figure 1A) . Moreover, PD-L1 expression in tumors from different patients significantly differed in positive area and intensity ( Figure 1A and B) . Comparison of PD-L1 expression between tumor and adjacent nontumor tissues showed significantly higher expression in tumor tissues than in peritumor tissues ( Figure 1C ). Positive expression of CD3 and PD1 was detected in the cellular membrane and cytoplasm of infiltrating lymphocytes in tumor tissues and adjacent liver tissues ( Figure 1D and E). Quantification indicated that the number of PD1 + T cells and CD3 + T cells in tumor tissues were 60.1±6.5 and 411.7±60.0, respectively. Further, there were significantly more PD1 + T cells in tumor tissues than in adjacent peritumor liver tissues ( Figure 1F ). Figure 1) . We calculated the Youden Index of PD-L1 expression and divided the cohort into high expression (PD-L1 high ) and low expression (PD-L1 low ) subgroups according to a cut-off value of 5% positive staining. We also classified the cohort into two subgroups according to median number of PD1 + T cells (n = 15.5) in tumor tissues. High PD-L1 expression was positively correlated with positive HBV infection (p = 0.007), high TNM stage (p = 0.025), and lymph node invasion (p = 0.007) ( Table 1) . Similarly, high number of PD1 + T cells in tumor tissues positively correlated with positive HBV infection (p = 0.017), high TNM stage (p = 0.016), and lymph node invasion (p = 0.003) ( Table 1) .
Relationship of PD1/PD-L1 with clinicopathologic features of ICCs
PD-L1 expression was diverse in each sample (Supplementary
Prognostic implication of PD1/PD-L1 axis in ICC patients
Up to the last follow-up, 200 patients had tumor recurrence and 232 patients died, including 48 patients who died without tumor recurrence. The 1-, 2-and 5-year overall survival (OS) rates in the whole cohort were 73.6%, 54.6%, and 33.8%, respectively; 1-, 2-and 5-year cumulative recurrence rates were 44.9%, 55.5%, and 66.3%, respectively. PD-L1 high ICC patients had shorter OS (p = 0.013) and higher cumulative recurrence rate (p < 0.001) than PD-L1 low patients (Figure 2A and B) . Similarly, ICC patients with more PD1 + T cells in tumor tissues had shorter OS (p = 0.013) and higher cumulative recurrence rate (p = 0.022) than patients with less PD1 + T cells (Figure 2C and D) . Considering the combined role of PD1 and PD-L1 in regulating T cell function, ICC patients with high expression of both PD1 and PD-L1 had the poorest prognosis among patients with high expression of only PD1 or PD-L1 and patients with low expression of both PD1 and PD-L1 (Figure  2E and F; OS, p = 0.023; cumulative recurrence rate, p = 0.003).
Univariate analysis showed that large tumor size (>5 cm), multiple tumors, high TNM stage, and lymph node invasion/microvascular invasion were risk factors for OS and cumulative recurrence rate, while hepatolithiasis was a risk factor for OS ( Table 2) .
Interestingly, PD1 and PD-L1 expression in tumor tissues also correlated with OS and cumulative recurrence rate.
These risk factors from univariate analysis were adopted as covariates in a multivariate Cox proportional hazards model. PD-L1, multiple tumors, and lymph node invasion/microvascular invasion were independent prognostic indicators for cumulative recurrence rate. With combined expression of PD1/PD-L1, the hyperactivated PD1/PD-L1 axis was also an independent prognostic predictor for both OS (p = 0.031) and cumulative recurrence rate (p = 0.001) ( Table 2 ). (E) Kaplan-Meier estimate of overall survival in the whole cohort with combined PD1/PD-L1 levels (double-positive refers to PD1 high /PD-L1 high ; single positive refers to PD1 high /PD-L1 low or PD1 low /PD-L1 high ; double negative refers to PD1 low /PD-L1 low ) (log-rank test). (F) Kaplan-Meier estimate of cumulative recurrence in the whole cohort with combined PD1/PD-L1 levels (double positive refers to PD1 high /PD-L1 high ; single positive refers to PD1 high /PD-L1 low or PD1 low /PD-L1 high ; double negative refers to PD1 low /PD-L1 low ) (log-rank test). 
Distinct profiles and implication of PD1/PD-L1 expression in ICC patients with different risk factors
Epidemiologic data show that HBV infection and hepatolithiasis are two important risk factors for ICC incidence [3, 32] . In the entire cohort, 7 patients (2.1%) had both HBV infection and hepatolithiasis, 226 patients (70.6%) had only HBV infection, 11 patients (3.4%) had only hepatolithiasis, and 76 patients had undetermined risk factors (without HBV infection or hepatolithiasis).
Similar to expression of PD1 + T cells in the whole cohort, ICC patients with only HBV infection had more PD1 + T cells in tumor tissues than in corresponding liver tissues (68.0±8.9 vs 45.5±3.4, respectively; p = 0.001). Further, tumor tissues from ICC patients with HBV infection had 68.0±8.9 PD1 + T cells, significantly more than those from patients with hepatolithiasis (9.2±2.5; p < 0.001) and patients with undetermined risk factors (42.4±7.4; p = 0.027). Patients with HBV infection also had higher expression of PD-L1 in tumor tissues than in corresponding liver tissues, similar to the whole cohort (p < 0.001). ICC patients with only HBV infection had higher frequency of high PD-L1 expression (34.5%) compared to patients with hepatolithiasis (0%, p = 0.018) or patients with undefined risk factors (22.4%, p = 0.049).
Unexpectedly, all 11 patients with only hepatolithiasis had less PD1 + T cells and lower PD-L1 expression in tumor tissues, distinct from patients with only HBV infection. Although there was tendency for higher PD-L1 expression in the tumor tissues of ICC patients with hepatolithiasis compared to corresponding liver tissues, no significant difference was observed (p = 0.317). However, patients with hepatolithiasis had less PD1 + T cells in tumor tissues than in corresponding liver tissues (9.2±2.5 vs 33.5±8.0, respectively; p = 0.018).
ICC patients with hepatolithiasis had the poorest prognosis in term of OS and cumulative recurrence rate, while there were no survival differences between patients with HBV infection and patients with undetermined risk factors (Figure 3A and B) . For ICC patients with only HBV infection, patients with more PD1 + T cells in tumor tissues had shorter OS (p = 0.026, Figure 3C ) and higher cumulative recurrence rates (p = 0.011, Figure 3D ) than patients with less PD1 + T cells. Similarly, PD-L1 high patients had a worse prognosis than PD-L1 low patients (OS, p = 0.010, Figure 3E ; cumulative recurrence rate, p < 0.001, Figure 3F ).
For ICC patients with only hepatolithiasis, PD1 expression showed no significance in term of OS ( Figure 3G , p = 0.874) and cumulative recurrence rate ( Figure 3H , p = 0.312). For ICC patients with undetermined risk factors, neither PD1 nor PD-L1 expression had an effect on patient prognosis ( Supplementary Figure 2A-D) .
Positive response to anti-PD1 immunotherapy in ICC patients with HBV infection and low PD1 + T cells
We retrospectively analyzed the relationship between clinicopathological characteristics including expression of the PD1/PD-L1 axis and tumor response in 7 advanced and unresectable ICC cases with HBV infection and treated with anti-PD1 immunotherapy. Clinicopathological characteristics are listed in Supplementary Table 2. Among 5 ICC patients with high PD1 + T cells (>19 cells/200×), 4 patients had evident tumor progression, and 1 patient presented stable disease after three cycles of anti-PD1 immunotherapy (Figure 4A and B) . Unexpectedly, 2 patients with low PD1 + T cells (≤19 cells/200×) showed evident tumor shrinkage after three cycles of anti-PD1 immunotherapy (Figure 4A and B) . 
Discussion
Our data show that PD1/PD-L1 signals are hyper-activated in tumor tissues of a large cohort of ICCs. Elevated PD1/PD-L1 signals were positively correlated with malignant phenotypes, such as lymph node invasion and high TNM stage. Further, hyper-activated PD1/PD-L1 signals in tumor tissues were an independent marker for patient prognosis-ICC patients expressing high levels of PD1/PD-L1 signals had the poorest prognosis among the entire cohort. Therefore, based on a large sample, we provide convincing evidence that hyper-activated PD1/PD-L1 signals play a substantial role in the development and progression of ICC.
Another important finding from this study is the distinct PD1/PD-L1 profiles in ICCs with different risk factors. Multiple epidemiological data show that HBV infection and hepatolithiasis are two main risk factors for ICCs [32] [33] [34] . These risk factors result in continuous liver inflammation, imbalance of immune homeostasis, and tumorigenesis [33, [35] [36] [37] Our results show that PD1 + T cells were rich in the tumor microenvironment of ICC patients with HBV infection. During chronic infection, these PD1 + T cells represent an exhausted state of T cells [38] , probably leading to decreased tumor responses to anti-PD1 immunotherapy, as relatively low tumor response to PD1 inhibitor pembrolizumab is observed in HCC with HBV infection or HCV infection [28] . It is well-established that both pre-and postoperative antiviral therapies effectively prolong OS of HBV-infected ICC patients [39] . A recent study also indicates that a population of PD1 + T cells is specially present in HBV-infected patients who successfully discontinue treatment without hepatic flare [40] . In the present study, only 13.7% patients with HBV infection had high preoperative HBV DNA levels (≥2,000 IU/mL). However, our study found no significant relationship between preoperative HBV DNA level and PD1/PD-L1 signals. Therefore, these PD1 + tumor infiltrating lymphocytes (TILs) in ICC patients with HBV infection probably have lost their T cell function and maybe act as a marker for assaying tumor response of PD1 inhibitor [11] . In the context of several malignancies, such as lung cancer, the expression of PD-L1 showed a good predictor for assaying tumor response of PD1 inhibitor [41] . However, the expression of PD-L1 in tumor cells of HCC could not act as a predictor for assaying tumor response of PD1 inhibitor, which was probably contributed to distinct liver microenvironment [15] . In present studies, 233 (72.8%) ICC patients had HBV infection, and the number of PD1 + T cells in the tumor tissues from ICC patients only with HBV infection was significantly more than those from patients with hepatolithiasis and those from patients with undefined risk factor. Theoretically, PD1 inhibitor can targeted PD-L1/PD-1 immune checkpoint to reactivate an antitumor response. However, in the context of liver microenvironment characterized by high PD1 + TIL cells in HBV-related patients, PD1 inhibitor is probably not enough to block PD-L1/PD1 immune checkpoint. A recent study also showed that blocking PD1/PD-L1 only increased the frequency of tumor-specific T cells in HCC patients but did not restore T cell function [42] . Therefore, the PD-L1 expression did not act as a marker for assaying tumor response of PD1 inhibitor for HCC patients and ICC patients with HBV infection. In addition, tumor response was also influenced by other factors, such as tumor mutation burden [43] , and the expression of other immune check points (TIM-3, CTLA-4) [13] .
Importantly, our retrospective observation revealed that 2 ICC patients with HBV infection and low PD1 + TILs had a good response to anti-PD1 immunotherapy, although these data needed to be further validated by future randomized controlled trials. Similarly, our results also demonstrate that PD-L1 is overexpressed in the tumor tissues of ICC patients with HBV infection. Usually, PD-L1 expressed in tumor cells interacts with PD1 in T cells, activates the PD1/PD-L1 signal, and negatively regulates the immune reaction [44] . As such, high PD-L1 expression in ICC patients with HBV infection may induce tumor cells to evade immune surveillance, resulting in a shortened OS and high recurrence rate after curative resection.
In the present study, PD1/PD-L1 expression in tumor tissues did not correlate with the risk factor of hepatolithiasis. Moreover, PD1/PD-L1 expression did not influence the prognosis of ICC patients with hepatolithiasis. These distinct PD1/ PD-L1 profiles indicate that other immune checkpoint molecules may play a key role in immune regulation in hepatolithiasis-related ICC [45] . Several studies have showed that the liver immune microenvironments between patients with hepatolithiasis and patients with HBV infection are distinct [37, 46] . Neutrophil infiltration is usually observed in livers of patients with hepatolithiasis [47] , which represents an immune reaction to bacteria. But for patients with HBV infection, lymphocytes rather than neutrophils act as scavengers for virus infection [48] . Different inflammatory cells and cytokines in ICC patients with HBV infection or hepatolithiasis probably result in distinct immune microenvironments including different profiles of PD1/PD-L1, and patients' outcomes.
The significance of our research is that it not only provides a biomarker to predict the prognosis of ICC patients and assay the tumor response to anti-PD1 immunotherapy, but it also provides a new immunotherapeutic strategy for ICC with different risk factors. However, our study also has some limitations: (1) our results need to be validated by a randomized, controlled study; (2) immune checkpoint molecules in ICC patients with hepatolithiasis need to be identified; and (3) immune profiles of other risk factor-related ICCs need to be uncovered.
In conclusion, our study shows that hyperactivated PD1/PD-L1 signals in the tumor tissues of ICC patients with HBV infection play a substantive role in disease development and progression. Further, distinct PD1/PD-L1 profiles may be a biomarker to predict the prognosis and assay tumor response to PD1 inhibitor in ICC patients with HBV infection. 
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